A total of 214 non-overlapping cDNA clones from Schizosaccharomyces pombe were selected and completely sequenced. The clones not previously reported were divided into the following three groups: 1) homologous to Saccharomyces cerevisiae genes (139 clones); 2) homologous to genes from other organisms but not to those from Sac. cerevisiae (4 clones); and 3) no similar sequences (40 clones). Among the 31 sequences identical to those in the public databases, 4 genes have regions corresponding to introns. Protein sequences which had homologs both in budding yeast and mammals were compared with those from Sac. cerevisiae and mammals. The search revealed that the evolutionary distances among these species are similar at least with genes of this category.
Introduction
Schizosaccharomyces pombe is a free-living eucaryote. It is one of the most popular experimental organisms of this category, having been established as an excellent system in several functions such as cell cycle control. 1 The genome is about 14 Mb, and is organized into three chromosomes of 3.5, 4.8, and 5.7 Mb. 2 It is estimated to carry 7000 genes, and the density of genes is about 10 times higher than that in higher organisms such as humans. The manageable size of the genome and the importance of the organism as an experimental system make it a good candidate for complete genome sequencing.
A physical map of its entire genome has been completed, 3 ' 4 and the genome sequencing project is in progress. However, we undertook complete cDNA sequencing. Although it is not possible to cover all of the genes in a genome by cDNA sequencing, this approach has several advantages: 1) sequences are derived only from active genes; 2) open reading frames (ORFs) are easier to identify since they are not interrupted by introns; 3) it avoids sequencing "junk sequences" such as Communicated by Naotake Ogasawara * To whom correspondence should be addressed. Tel. +81-7437-2-5589, Fax. +81-7437-2-5589 t Present address: Tsukita Cell Axis Project, ERATO, JST, 17 Chudojiminamimachi, Shimogyo-ku, Kyoto 600, Japan | Taisho Laboratory of Functional Genomics, Nara Institute of Science and Technology, 8916-5 Takayama, Ikoma, Nara 630-01, Japan repetitive sequences. Very few junk sequences exist in the fission yeast genome. Nonetheless, cDNA sequencing is very useful for the identification of active open reading frames. It is estimated that about 45% of fission yeast genes have introns, 5 and cDNA sequencing will help in the identification of ORFs from genes interrupted by introns.
We have sequenced a total of 214 cDNA clones, which corresponded to 272 kb. After a conventional similarity search, each ORF was compared with counterparts from budding yeast and mammal (e.g., human). The results show evolutionary relationships between the three species.
Materials and Methods

Oligonucleotides
Primers used for amplification of cDNA inserts in pCD3 were 5'-TTCTTTCCGCCTCAGAAGGT-3' (primer 5) and 5'-TAATACGACTCACTATAGGG-3' (T7 primer). Inserts in pGEM-3Zf(+) were amplified using 5'-GGCGAATTCGAGCTCGGTAC-3' (T7 primer 2) and 5'-GAATACTCAAGCTTGCATGCC-3' (SP6-4 primer). 4 , 0.072 M K2HPO4) containing 100 /ig/ml ampicillin, 70 /ig/ml kanamycin and 10 9 pfu/ml of M13KO7. These cultures were done in 96-well microtiter plates (Falcon 3911) without agitation. First, polymerase chain reaction (PCR) amplification of cDNA inserts was carried out in a total volume of 50 /zl containing: 1 x Vent™ buffer (20 mM Tris-Cl pH 8.8 at 25 °C, 6 mM MgSO 4 , 10 mM KC1, 10 mM (NH 4 ) 2 SO 4 , 0.1% Triton X-100), 150 (iM dNTP, 100 /ig/ml BSA, 1 U of Vent DNA polymerase (New England Biolabs Inc.), 20 pmol of each primer and 1 /il of the above phagemid suspension. Reaction mixtures were subjected to 30 cycles of PCR (95°C for 30 sec, 50 °C for 1 min, and 72 °C for 5 min). The 5' ends of the amplified products were then kinated by the addition of 2.5 /il of 1.5 mM ATP and 5 U of T4 polynucleotide kinase, followed by incubation at 37 °C for 30 min. The phosphorylated products were self-ligated under a diluted condition by adding 750 /il of 1 x ligation buffer (66 mM Tris-Cl pH 7.5 at 25 °C, 6.6 mM MgCl 2 , 10 mM dithiothreitol, 66 /*M ATP) and 1500 U of T4 DNA ligase (Takara), and incubated at 16 °C for 16 hr. The generation of concatemers should be avoided, because they may lead to artifacts during the following PCR amplification step.
After phenol extraction and ethanol precipitation, the DNA was dissolved in 40 /il of 50 mM Tris-Cl pH 7.5 at 25 °C, 2.5 mM MgSO 4 . Next, 20 /il of the sample was partially digested by DNase I. The digestion conditions were empirically determined in a preliminary experiment. We usually add 0.5 /il of 0.2 ng//il of DNase I (TaKaRa), and incubate at 25 °C for about 5 min. This digestion can be done with a Techne PHC-3 (96-well type), which allows simultaneous processing of up to 20 samples. The reaction was stopped by the addition of 5 /il of 0.25 M EDTA (pH 7.5), and DNA segments larger than 400 bp were collected on Size-sep 400 spun columns (Pharmacia). Any residual DNase I activity was removed by heat inactivation at 65 °C for 30 min. The digested DNA was treated with T4 DNA polymerase, ligated to the vector DNA (pGEM-3Zf(+) Hinc II cut), and transformed into DH5QF'IQ under standard conditions.
2.4-Preparation of templates
DH5aF'IQ carrying each of the above recombinants was cultured as described above. PCR amplification was performed in a total reaction volume of 20 /il containing: 1 x PCR buffer ( 7 The volume of each collected sample was adjusted to 40-50 /il with distilled water, of which 10 /xl were used for DyeDeoxy Terminator Taq cycle sequencing. Sequencing reactions were performed as outlined by the manufacturer, using one of primers from the above PCR amplification.
Data analysis
cDNA sequences were translated in three frames, and only one long ORF was found in each cDNA sequence. The first methionines were estimated from similar sequences when available. Otherwise the first methionines after a termination codon in 5' untranslated regions were chosen. Those with first methionines were defined as full-length clones. Database searches were performed against the GenBank non-redundant database, and the SwissProt protein sequence database. We used the Inherit Analysis and BLAST programs for the search. The last search was performed against the database on June 15, 1997.
To obtain homologs of fission yeast sequences, the following analysis was conducted. First, besides those obtained in this sequencing project, Sch. pombe peptide sequences were isolated form the SwissProt database (release 34). 10 Then, similarity searches were performed by WU-BLAST2 8 -9 against the database, and isolated budding yeast and mammalian homologs. In this study, pairs were considered homologs when the size differences were less than 20% of the fission yeast sequence and both amino acid identities were above 20%. Human homologs were used when possible, but other species were selected when the similarity was higher (5% or more). Finally, sequences were aligned by the program alignO, 11 and amino acid identities were calculated.
Results and Discussion
Sequence strategy
The cDNA library was constructed with pCD3, a derivative of pCD2, as a vector using the Okayama-Berg system. This vector was designed to minimize the length of the GC tail, a significant obstacle to sequencing. First, cDNA clones were characterized by partial sequencing from the 5' end to make a non-overlapping set of cDNA clones. The number of clones was 290. These clones were candidates for complete sequencing.
In contrast to the usual large-scale sequencing systems involving a large number of technical staffs, this project was carried out by a single person (S. Y.). To reduce the labor, we used PCR intensively for the template preparation, and chose the ABI dye terminator method, by which the sequencing reaction could proceed in a single tube. The project was also characterized by the size of the final contigs, which was from 0.5 to 4 kb, much smaller than those of genomic clones. Preliminary experiments revealed that the shotgun strategy was more efficient than primer walking or nested deletion. Separate assembly of each clone was more efficient than simultaneous assembly of multiple clones.
Overview of sequencing results
Among 290 clones of the non-overlapping set of cDNA clones, 33 were already present in the public databases. Forty-three other clones had strong similarities (more than 80%) with sequences from Saccharomyces cerevisiae at the nucleotide sequence level. These clones were excluded, and complete sequencing was performed with the remaining 214 clones, a total of 272 kb. According to the estimated size of the genome of the fission yeast, they corresponded to about 2% of the whole genome and 3% of all genes. While our project was in progress, 26 sequences identical to those we have sequenced were deposited in the public databases. As a result, 183 clones had novel sequences. Of these, 46 clones were of full-length. These novel clones are summarized in Table 1 . The clones with sequences idenitical to database sequences are summarized in Table 2 . Table 2 clones were not submitted to DDBJ.
The entire genome of Sac. cerevisiae has been sequenced, 12 and served as a good reference. Among 183 novel clones, 139 had similarities with Sac. cerevisiae sequences, 4 (clone numbers 0551, 1565, 1576, 1684) had similarities only with sequences from mammals, and 40 clones had no similarities. Those with no similarities may be related to functions found only in Sch. pombe.
Identification of intervening sequences
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3.4-Parallel comparison of predicted protein sequences with their counterparts from budding yeast and mammal To determine evolutionary relationships between yeast and mammals, those genes which have homologs in all
